The present work incorporates the synthesis of a multifunctional catalyst for the transesterification of waste cooking oil (WCO) to biodiesel and recovery of rare earth elements (REEs). For this purpose, TiO 2 nanoparticles and TiO 2 doped with lithium ions were prepared. The influence of lithium ions on the catalytic performance of TiO 2 was attained by impregnation of the different molar ratios of lithium hydroxide to bare TiO 2 . Then each catalyst was screened for catalytic conversion of WCO to fatty acid methyl ester (FAME) and also for REEs recovery. All synthesized materials were characterized using scanning electron microscopy (SEM), X-ray diffraction (XRD), Transmission electron microscopy (TEM), Brunauer-Emmett-Teller (BET) analysis, and Hammett indicator for the basicity test. The obtained biodiesel was characterized by gas chromatography with mass spectrometry (GC-MS), 1 H, and 13 C nuclear magnetic resonance (NMR). Moreover, the physical parameters of the synthesized biodiesel were also determined. The REEs recovery efficiency of synthesized nanomaterials was investigated, and the percentage of REEs removal was determined by inductively-coupled plasma optical emission spectroscopy (ICP-OES).
Introduction
The rise in population results in the diminution of fossil fuels, and environmental pollution leads to the requirement for an alternative fuel [1, 2] . The advancement in technology and the growing population also result in the accumulation of waste containing rare earth elements (REEs) [3] [4] [5] . REEs are toxic to living entities and have an inevitable role in various areas such as electronics, batteries, optics, and laser technology. Therefore, the recycling of REEs and the replacement of conventional fuels with renewable energy are significant parts of sustainability, to meet the increasing demand for rare earth elements and fuels, and to reduce the health problems and pollution due to REEs deposition and fossil fuel consumption respectively [1] [2] [3] [4] [5] [6] .
In recent days, conventional fuels can be replaced by biodiesel produced from fats/oils by the transesterification method. The availability, sustainability, and renewability make biodiesel an economical and eco-friendly source of energy [7] [8] [9] [10] . The waste cooking oil was used for the production of high-quality biodiesel due to its cost-effective nature and did not compete with the food market [1, 2, 8] . The conventional techniques used for REEs recovery from aqueous solutions were precipitation, solvent extraction, adsorption, and ion exchange methods. All these processes, except adsorption, require a considerable cost of operation and non-environmentally-friendly by-products [5, 11, 12] . Based on previously-reported studies, materials constructed on cellulose, silica, chitosan, carbon, and calcium were widely used for the recovery of rare earth metals [4, 13, 14] . Figure 1 shows the XRD pattern of TiO 2 and lithium-doped TiO 2 . The unmodified TiO 2 X-ray diffraction spectra show an excellent match to standard reference code ICDD: 98-015-4607, anatase titania [2] . Briefly, the XRD peaks of the TiO 2 -0.25Li nanocatalyst provided a constant harmony to reference standard code ICSD: 96947, ICDD: 98-009-6947, lithium titanium oxide (0.03/1/2) whereas TiO2-0.5Li and TiO 2 -0.75Li showed a good match to standard reference code ICSD: 84713, ICDD: 98-008-4713, lithium titanium oxide (0.74/3/6). The crystallographic factors of the prepared catalysts are summarized in Table 1 . Figure 2 . The particles in bare TiO2 had fluffier morphology and evenly distributed nature. The SEM images of lithium-loaded catalysts showed a significant alteration in morphology compared to the unmodified TiO2 catalyst. The agglomeration of particles was visible in lithium-ion-inserted TiO2 surface morphology, possibly due to the addition of lithium particles on the surface of TiO2. Furthermore, the doping of lithium particles on the surface of TiO2 resulted in a cluster of particles and a reduction in sponginess. The agglomeration of particles rose with an increase in lithium-ion impregnation. SEM was performed to study the surface morphology of the synthesized nanocatalysts. The SEM images of bare TiO 2 and lithium-impregnated TiO 2 are represented in Figure 2 . The particles in bare TiO 2 had fluffier morphology and evenly distributed nature. The SEM images of lithium-loaded catalysts showed a significant alteration in morphology compared to the unmodified TiO 2 catalyst. The agglomeration of particles was visible in lithium-ion-inserted TiO 2 surface morphology, possibly due to the addition of lithium particles on the surface of TiO 2 . Furthermore, the doping of lithium particles on the surface of TiO 2 resulted in a cluster of particles and a reduction in sponginess. The agglomeration of particles rose with an increase in lithium-ion impregnation. The TEM images of TiO2 and lithium-doped TiO2 are depicted in Figure 3 . The bare TiO2 and lithium impregnated TiO2 had a particle size of 25-48 nm and 30-198 nm correspondingly. TEM results confirmed the catalyst particle size. Figure 3b -d denotes that the agglomeration of particles in the catalyst and drop in the porosity of the catalyst rose with increased concentration of lithium ions. Moreover, the TEM results were in good fit with the SEM images. The TEM images of TiO 2 and lithium-doped TiO 2 are depicted in Figure 3 . The bare TiO 2 and lithium impregnated TiO 2 had a particle size of 25-48 nm and 30-198 nm correspondingly. TEM results confirmed the catalyst particle size. Figure 3b -d denotes that the agglomeration of particles in the catalyst and drop in the porosity of the catalyst rose with increased concentration of lithium ions. Moreover, the TEM results were in good fit with the SEM images. The nitrogen adsorption-desorption measurements were performed to determine the surface area, pore volume, and pore size of TiO2 and lithium-doped TiO2 catalysts. The BET analysis of different catalysts is shown in Table 2 . The drop in surface area and pore volume was observed after the impregnation of lithium ions to TiO2. The reduction in porosity in lithium-doped TiO2 was maybe due to the addition of lithium ions in pores. The nanomaterial showed significant catalytic activity with an increase in impregnation of lithium ions; conversely, a drop in surface area and porosity. The rise in catalytic activity was possibly due to the basic strength of catalytic sites in the nanomaterial, which enhances the conversion of WCO to FAME [16, 17] . The BET adsorption-desorption isotherm plot for the synthesized catalysts are given in Figure 4 . The nature of the isotherm specifies the presence of mesoporous materials. The nitrogen adsorption-desorption measurements were performed to determine the surface area, pore volume, and pore size of TiO 2 and lithium-doped TiO 2 catalysts. The BET analysis of different catalysts is shown in Table 2 . The drop in surface area and pore volume was observed after the impregnation of lithium ions to TiO 2 . The reduction in porosity in lithium-doped TiO 2 was maybe due to the addition of lithium ions in pores. The nanomaterial showed significant catalytic activity with an increase in impregnation of lithium ions; conversely, a drop in surface area and porosity. The rise in catalytic activity was possibly due to the basic strength of catalytic sites in the nanomaterial, which enhances the conversion of WCO to FAME [16, 17] . The BET adsorption-desorption isotherm plot for the synthesized catalysts are given in Figure 4 . The nature of the isotherm specifies the presence of mesoporous materials. 
Selection of Catalyst for Biodiesel Production
The best catalyst choice was determined by conducting the transesterification of WCO using a series of catalysts like TiO2, and TiO2-LiOH (1:0.25, 1:0.5, and 1:0.75 molar ratios). The reaction was carried out using oil to methanol in a 1:6 molar ratio with 3 wt% of each nanocatalyst at 65 °C for 120 min. The catalytic efficiency of each catalyst and properties of obtained FAME are shown in Table 3 . Besides, reaction conditions for the selected catalyst were optimized to achieve a high yield of fatty acid methyl esters (FAME). Based on Table 3 , there was no catalytic reaction observed for TiO2, and it is most likely due to the lower basicity of catalyst. Later the activity of the catalyst increased with a rise in the loading amount of Lithium ions up to an optimum value, beyond which reduction in the catalytic activity was detected probably due to a drop in both surface area and basicity [2, 8, 10, 18] . Significant conversion of WCO to biodiesel was observed with TiO2-0.5Li. Table 1 
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Characterization of FAME
The composition of the biodiesel achieved by transesterification of WCO using the best catalyst, TiO 2 -0.5Li, is shown in Figure 5 . The FAME profile of the current sample was recognized with the support of the National Institute of Standards and Technology (NIST) 2014 Mass spectral (MS) library and described in Table 4 .
The composition of the biodiesel achieved by transesterification of WCO using the best catalyst, TiO2-0.5Li, is shown in Figure 5 . The FAME profile of the current sample was recognized with the support of the National Institute of Standards and Technology (NIST) 2014 Mass spectral (MS ) library and described in Table 4 . The percentage conversion of WCO to FAME and biodiesel characterization were estimated using 1 H and 13 C NMR spectroscopic methods, respectively. Figure 6a ,b represents the 1 H and 13 C NMR spectra of the sample achieved after the transesterification of WCO using the TiO2-0.5Li catalyst. The NMR spectra provided data that confirmed the presence of FAME. The 92.1% conversion of WCO to FAME was calculated with Equation (1) using the outcomes from 1 H NMR analysis.
The methoxy group (AME) of FAME and the methylene group (ACH2) were well-defined by signals at 3.64 ppm and 2.28 ppm in the 1 H NMR spectra. Moreover, these signals also corresponded to the confirmation of methyl ester in the biodiesel sample. Besides signals used for calculation of FAME conversion percentage, there were other signals like 0.84 to 0.98 ppm for the latter methyl group. The existence of the methylene group and olefinic groups were confirmed by the signal in the range of 1.23 to 2.3 and at 5.3 ppm, respectively [2, 10, 16, 18, 20] . The existence of ester carbonyl -COO-and C-O were verified by signals at the range of 174 ppm and 51 ppm in 13 C NMR, correspondingly. The unsaturation in FAME samples was indicated by signals at 131.9 ppm and 127.1 ppm. The signals in The percentage conversion of WCO to FAME and biodiesel characterization were estimated using 1 H and 13 C NMR spectroscopic methods, respectively. Figure 6a ,b represents the 1 H and 13 C NMR spectra of the sample achieved after the transesterification of WCO using the TiO 2 -0.5Li catalyst. The NMR spectra provided data that confirmed the presence of FAME. The 92.1% conversion of WCO to FAME was calculated with Equation (1) using the outcomes from 1 H NMR analysis.
The methoxy group (A ME ) of FAME and the methylene group (A CH2 ) were well-defined by signals at 3.64 ppm and 2.28 ppm in the 1 H NMR spectra. Moreover, these signals also corresponded to the confirmation of methyl ester in the biodiesel sample. Besides signals used for calculation of FAME conversion percentage, there were other signals like 0.84 to 0.98 ppm for the latter methyl group. The existence of the methylene group and olefinic groups were confirmed by the signal in the range of 1.23 to 2.3 and at 5.3 ppm, respectively [2, 10, 16, 18, 20] . The existence of ester carbonyl -COO-and C-O were verified by signals at the range of 174 ppm and 51 ppm in 13 C NMR, correspondingly. The unsaturation in FAME samples was indicated by signals at 131.9 ppm and 127.1 ppm. The signals in the region of 20-34 ppm support the presence of -CH 2 group. Apart from these signals, the presence of terminal -CH3 groups was substantiated by signals at 14.1 and 14.2 ppm [2, 15, 20] . the region of 20-34 ppm support the presence of -CH2 group. Apart from these signals, the presence of terminal -CH3 groups was substantiated by signals at 14.1 and 14.2 ppm [2, 15, 20] . 
Efficiency of REEs Removal
The adsorption studies were performed using various nanomaterials such as TiO2, TiO2-LiOH (1:0.25, 1:0.5, and 1:0.75 molar ratios), and 50 mg/L of each REE solution with continuous mixing of samples at 250 rpm at 25 °C for 120 min. The adsorption capacity of different nanomaterials is illustrated in Figure 7 . All nanomaterials showed adsorption efficiency of REEs, and the maximum adsorption capacity of nanomaterials was in the following order: TiO2-0.5Li > TiO2-0.75Li > TiO2-0.25Li > TiO2-0.5Li. The maximum adsorption of REEs was observed by TiO2-0.5Li, probably due to the monoclinic crystal lattice and high basic strength of the catalyst [9, [21] [22] [23] . 
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Experimental

Materials
The REEs used in the present work include terbium (Tb 3+ ), europium ( Eu 3+ ), samarium (Sm 3+ ), neodymium (Nd 3+ ), gadolinium (Gd 3+ ), ytterbium (Yb 3+ ) , holmium (Ho 3+ ), praseodymium (Pr 3+ ), dysprosium (Dy 3+ ), and erbium (Er 3+ ). Waste cooking oil (FFA% = 0.754) was obtained from household waste, titanium oxide nanopowder (TiO2), methanol (≥99.8%), and lithium hydroxide (LiOH) were purchased from Sigma-Aldrich (Espoo, Finland). All the chemicals were of analytical grade.
Catalyst Synthesis
The modification of TiO2 by lithium-ions (Li+) was executed by the incipient wetness impregnation method. The preparation of catalysts was done by mixing TiO2 and LiOH in different molar ratios of 1:0.25, 1:0.5, and 1:0.75. The TiO2-LiOH solutions (i.e., 1 M TiO2 solution mixed with 0.25 M, 0.5 M, 0.75 M LiOH solution, respectively) were constantly agitated for seven hours and followed by drying at 50 °C for 12 hours. The catalyst samples were calcined in a Naberthermb180 muffle furnace at 400 °C for four hours at 5 °C/min as the ramp rate of the temperature [8] . The catalyst samples were then denoted as TiO2-xLi, where x represents the molar ratio. The conversion of WCO using TiO2 and different concentrations of lithium-doped TiO2 was conducted to select the best catalyst for biodiesel production.
Catalyst Characterization
The XRD patterns of TiO2 and lithium-modified TiO2 were performed using an X-ray diffractometer (XRD, PANalytical-Empyrean, Almelo, Netherlands) over a 2θ range of 10-120° with Co-Kα of 0.178 nm as an X-ray source at 40 mA and 40 kV. The scanning of bare TiO2 and lithiummodified TiO2 was executed by a scanning electron microscope (SEM, Hitachi SU3500, Tokyo, Japan) with a 5 kV accelerating voltage. The particle size of the catalysts was examined using a transmission electron microscope (TEM, Hitachi HT7700, Tokyo, Japan). The surface area of nanocatalyst samples 
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Catalyst Characterization
The XRD patterns of TiO 2 and lithium-modified TiO 2 were performed using an X-ray diffractometer (XRD, PANalytical-Empyrean, Almelo, Netherlands) over a 2θ range of 10-120 • with Co-Kα of 0.178 nm as an X-ray source at 40 mA and 40 kV. The scanning of bare TiO 2 and lithium-modified TiO 2 was executed by a scanning electron microscope (SEM, Hitachi SU3500, Tokyo, Japan) with a 5 kV accelerating voltage. The particle size of the catalysts was examined using a transmission electron microscope (TEM, Hitachi HT7700, Tokyo, Japan). The surface area of nanocatalyst samples was done by Brunauer, Emmett, and Teller (BET, Micromeritics Tristar II plus, Norcross, USA). The basic strength of TiO 2 and lithium-modified TiO 2 was inspected using the Hammett indicator-benzene carboxylic acid titration method. The titration method conducted using the Hammett indicator-benzene carboxylic acid in which Hammett indicators like bromothymol blue (H_7.2), phenolphthalein (H_9.8), 2,4-dinitroaniline (H_15), and 4-nitroaniline (H_18.4) were used [2, 8, 10] .
Biodiesel Production
The conversion of WCO to biodiesel using various catalysts was carried out by blending oil to methanol in a 1:6 molar ratio with 3 wt% of each nanocatalyst. The selection of the best catalyst for biodiesel production was performed by conducting the transesterification reaction experiments in triplicates in a 250 ml three-neck round-bottom flask with a reflux condenser and motorized stirrer at 65 • C for 120 min. The supernatant was collected when the phase separation of the samples was attained by the centrifugation of the reaction mixture. The recovery of nanocatalysts and additional methanol in the ester phase were achieved by centrifugation and rotary evaporator, respectively. The obtained supernatant was subjected to GC-MS analysis. The Agilent GC-MS (GC6890N, MS 5975) with the DB-wax FAME column (30 m, 0.25 mm, 0.25 µm) was used for the analysis of FAME containing supernatant. The analysis was performed in split mode with 250 • C as the inlet temperature. The oven temperature was programmed at 50 • C for 1 min and was raised at the rate of 25 • C/min to 200 • C and 3 • C/min to 230 • C and then it was held for 23 min. Esters of WCO after the transesterification reaction were investigated by 1 H and 13 C NMR (Bruker). The FAME analysis was performed by 1 H NMR and 13 C NMR at 400 MHz with CDCl 3 as a solvent. The conversion percentage of WCO to fatty acid methyl esters (C%) is estimated by Equation (1) 
REEs Removal
REEs removal efficiency using synthesized nanomaterials was investigated by conducting adsorption experiments in batch mode. The metal solution of initial concentration 50 mg/L of Tb 3+ , Eu 3+ , Sm 3+ , Nd 3+ , Gd 3+ , Yb 3+ , Ho 3+ , Pr 3+ , Dy 3+ , and Er 3+ salts was prepared by dissolving the appropriate amount of each salt in deionized water. All the experiments were performed using 10 mL of corresponding REE metal solution and 30 mg of respective nanomaterial in a 15 mL centrifugation tube. The tube containing the catalyst and metal solution was placed in an IKA orbital shaker (KS 4000 ic control, Staufen, Germany) at a constant speed of 250 rpm for 120 min at 25 • C. The reaction mixture was filtered using 0.45 µm PTFE filters (Helsinki, Finland) from VWR and analyzed the concentrations of REEs by ICP-OES (Agilent, 5110).
Conclusions
The conversion of WCO to biodiesel and adsorption of REEs was efficiently performed using lithium-doped TiO 2 . The effect of lithium concentration on the catalytic performance of TiO 2 was investigated, and the characterization of all prepared catalysts was done. The TiO 2 -0.5Li nanocatalyst showed 92.1% conversion of WCO to fatty acid methyl ester and 99.7% recovery of REEs. The synthesized biodiesel properties were within the EN 14214 limits. Therefore, TiO 2 -0.5Li (1:0.5 molar ratio) served as a multifunctional catalyst that showed great potential in the conversion of low-cost feedstock to biodiesel and REEs recovery.
